We used an assay based on the uptake of SYTOX Green, an organic compound that fluoresces upon interaction with nucleic acids and penetrates cells with compromised plasma membranes, to investigate membrane permeabilization in fungi. Membrane permeabilization induced by plant defensins in Neurospora crassa was biphasic, depending on the plant defensin dose. At high defensin levels (10 to 40 M), strong permeabilization was detected that could be strongly suppressed by cations in the medium. This permeabilization appears to rely on direct peptide-phospholipid interactions. At lower defensin levels (0.1 to 1 M), a weaker, but more cationresistant, permeabilization occurred at concentrations that correlated with the inhibition of fungal growth. Rs-AFP2(Y38G), an inactive variant of the plant defensin Rs-AFP2 from Raphanus sativus, failed to induce cation-resistant permeabilization in N. crassa. Dm-AMP1, a plant defensin from Dahlia merckii, induced cationresistant membrane permeabilization in yeast (Saccharomyces cerevisiae) which correlated with its antifungal activity. However, Dm-AMP1 could not induce cation-resistant permeabilization in the Dm-AMP1-resistant S. cerevisiae mutant DM1, which has a drastically reduced capacity for binding Dm-AMP1. We think that cation-resistant permeabilization is binding site mediated and linked to the primary cause of fungal growth inhibition induced by plant defensins.
Plant defensins are a family of small (45 to 54 amino acids), usually basic, peptides occurring in various plant species (2, 3) . Many plant defensins can inhibit the growth of a broad range of fungi at micromolar concentrations but are nontoxic to both mammalian and plant cells (18, 19) . In some plant tissues, the expression of defensin genes is induced in response to fungal infection (21) , whereas in other tissues they are expressed constitutively (31) . All plant defensins share a common threedimensional folding pattern, stabilized by eight disulphidelinked cysteines (2, 3) . Plant defensins are structurally related to antibacterial insect defensins (8) and drosomycin, an antifungal peptide found in insects (15) . The plant defensin family may be divided into two main groups (A and B), sharing only 25% similarity (11) . Group A can be further divided into four subfamilies (A1, A2, A3, and A4) with at least 50% similarity within each subfamily. Members of subfamily A2, formerly termed nonmorphogenic plant defensins (3), including Dm-AMP1 from Dahlia merckii, reduce hyphal elongation without affecting fungal morphology. In contrast, members of subfamilies A3 and A4, including Rs-AFP2 from Raphanus sativus and Hs-AFP1 from Heuchera sanguinea, respectively, induce tip ballooning and branch formation on susceptible fungi (19) . These plant defensins have therefore been termed morphogenic plant defensins (3) .
Plant defensins induce ion fluxes across the plasma membranes of living fungal hyphae (28) . Unlike insect (8) and mammalian (12) defensins, plant defensins neither form ionpermeable pores in artificial membranes nor change the electrical properties of artificial lipid bilayers (28) . This finding indicates that a direct interaction with lipid components of the plasma membrane, a mechanism proposed to explain the antimicrobial effects of insect defensins or mammalian defensins (8, 12) , is unlikely for plant defensins. In addition, specific, high-affinity binding sites for plant defensins on fungal cells and microsomal membranes have been identified based on studies with radiolabeled plant defensins (29, 30) . Binding of plant defensins to fungal cells and plasma membrane fractions is partially reversible. A mutant of the yeast Saccharomyces cerevisiae has been identified which, in contrast to the wild-type strain, is not sensitive to the plant defensin Dm-AMP1. The capacity of this mutant, called DM1, to bind Dm-AMP1 to its plasma membrane is more than 10-fold less than that of the wild type, suggesting that binding of Dm-AMP1 to a specific binding site is a prerequisite to the antifungal activity of this plant defensin (30) . Combined, these observations suggest that the ion fluxes may result from (i) the interaction of the plant defensins with a binding site that transduces a signal to endogenous ion channels in the membrane or (ii) binding-site-mediated insertion of the plant defensins into the membrane, with subsequent ion channel formation.
To distinguish these models, we studied the influx of SYTOX Green, a high-affinity nucleic acid stain that fluoresces upon nucleic acid binding and for which no endogenous channels exist. SYTOX Green penetrates cells with compromised plasma membranes but does not cross the membranes of noncompromised living cells (17, 23, 34) . SYTOX Green uptake was measured fluorimetrically in Neurospora crassa and S. cerevisiae treated with different plant defensins. Our results are consistent with a model for plant defensin action involving binding-site-mediated insertion of the defensins into the plasma membrane.
MATERIALS AND METHODS

Materials.
The antifungal peptides Dm-AMP1, Hs-AFP1, and Ah-AMP1 were isolated as described previously (19) . Rs-AFP2, Rs-AFP2(Y38G), and the membrane-active antifungal ␣-purothionin (␣-PT) found in wheat seeds were isolated as described previously by Terras et al. (26) , De Samblanx et al. (9) , and Redman and Fisher (22) , respectively. SYTOX Green was obtained from Molecular Probes (Eugene, Oreg.). Carbonyl cyanide m-chlorophenylhydrazone (CCCP) was purchased from Sigma (St. Louis, Mo.). All other reagents were of reagent grade and were obtained from commercial sources.
Microorganisms. N. crassa FGSC 2489 was grown on six-cereal agar, and conidia were harvested as described previously (4) . Conidium stocks in 20% (vol/vol) glycerol were at a final concentration of 2 ϫ 10 7 conidia/ml. Yeast (S. cerevisiae) was grown and stored following standard protocols (1) . S. cerevisiae strains used were W303-1A (genotype, MATa leu2-3/112 ura3-1 trp1-1 his3-11/15 ade2-1 can1-100 GAL SUC2) and the W303-1A-derived mutant DM1 (30) .
Antifungal activity assay. Activity against N. crassa was assayed by microspectrophotometry (4, 26) . N. crassa was grown at an inoculum density of 3 ϫ 10 5 conidia/ml in 12 g of potato dextrose broth per liter (Difco, Detroit, Mich.) with continuous shaking (200 rpm) at 22°C. After 20 h of incubation, hyphae were washed with either SMF1 or SMF1 supplemented with either 50 mM KCl or 5 mM MgCl 2 ⅐ 6H 2 O, (SMF1 is synthetic medium for fungi, containing 50 M . Ninety-microliter aliquots of the suspension of N. crassa hyphae in the appropriate medium were mixed with 10 l of the same medium containing antifungal peptides and incubated in transparent 96-well microtiter plates. After incubation for 24 h at 22°C without shaking, the absorbance at 595 nm was determined with an enzyme-linked immunosorbent assay reader (26) . The absorbance values served as a measure of microbial growth (26) . The concentration of the antifungal protein that is required to inhibit 50% of the fungal growth was calculated from the dose-response curves with twofold dilution steps (26) .
The activity of protein samples against S. cerevisiae was determined in an analogous manner. Briefly, 10 l of the protein sample was mixed in a well of a 96-well microplate with 90 l of yeast minimal medium (YMM) (0. SYTOX Green uptake assay. N. crassa was grown in potato dextrose broth as described above. After 20 h of incubation, hyphae were washed with either water buffered with 100 M HEPES-KOH (pH 6.5), SMF1, or SMF1 supplemented with either 50 mM KCl or 5 mM MgCl 2 . Ninety-microliter aliquots of the suspension of N. crassa hyphae, supplemented with 0.2 M SYTOX Green, were mixed with 10 l of the same medium containing antifungal peptides and incubated in white 96-well microplates (PE white; Perkin-Elmer, Norwalk, Conn.). After incubation for 10 min to 6 h at 22°C with periodic agitation, fluorescence emitted by the cells in the microplates was measured with a Perkin-Elmer LS 50 B fluorescence spectrometer at an excitation wavelength of 488 nm (slit, 10 nm) and an emission wavelength of 540 nm (slit, 5 nm). Fluorescence values of the samples were corrected by subtracting the fluorescence value of a culture in the same medium without peptides but with SYTOX Green. Absolute values of fluorescence did not differ more than 50% in independent tests performed under identical conditions. SYTOX Green uptake in S. cerevisiae was measured similarly except that the medium used was either YMM or YMM supplemented with 5 mM MgCl 2 , the cell density was approximately 2 ϫ 10 8 cells per ml, and incubation was at 30°C.
Fluorescence microscopy. N. crassa hyphae, grown as described for the antifungal activity assay, were suspended in SMF1 containing 5 mM MgCl 2 and 0.2 M SYTOX Green, in either the presence or absence of antifungal peptides. After 360 min of incubation, fluorescence was viewed with a Nikon Optiphot (Tokyo, Japan) fluorescence microscope equipped with a B-2A filter set (Nikon) for fluorescein detection (excitation wavelength, 450 to 490 nm; emission wavelength, 520 nm).
Statistical analysis. To determine a possible correlation between SYTOX Green uptake and antifungal activity, P values of the corresponding data were calculated with Microsoft Excel software, by calculating the analysis of variance. If the P value of the data was lower than 0.05, it was concluded that the data were significantly correlated.
RESULTS
Permeabilization of N. crassa and S. cerevisiae suspended in water. We tested the ability of the plant defensins to permeabilize N. crassa hyphae in water (buffered with 100 M HEPES [pH 6.5]). SYTOX Green permeabilization was assessed 30 min after the addition of SYTOX Green and the peptides. ␣-PT, Rs-AFP2, Hs-AFP1, and Dm-AMP1 caused an increase in SYTOX Green influx (Fig. 1A) . At high peptide concentrations (Ͼ5 M), the relative increase in SYTOX Green uptake decreased, with the greatest decreases for ␣-PT and Rs-AFP2.
Similar observations were made for S. cerevisiae cells suspended in water buffered with 100 M HEPES (pH 6.5). ␣-PT, Rs-AFP2, Hs-AFP1, and Dm-AMP1 all increased the influx of SYTOX Green (Fig. 1B) , with a drop at high concentrations of the plant defensins. Dm-AMP1 permeabilized the S. cerevisiae mutant DM1, known to be resistant to Dm-AMP1 and to lack Dm-AMP1 binding sites (30) , to essentially the same extent as wild-type cells, indicating that this type of permeabilization is not linked to the presence of specific binding sites for Dm-AMP1 (Fig. 2) . Permeabilization of N. crassa in growth medium. When N. crassa hyphae were suspended in the growth medium SMF1, membrane permeabilization to SYTOX Green induced by ␣-PT (Fig. 3A) could be detected after 10 min of incubation and increased with longer incubation times. A significant correlation (␣ ϭ 0.05) between the induced hyphal permeabilization and the antifungal activity of ␣-PT could be observed. Weak permeabilization by the plant defensins (Rs-AFP2, Hs-AFP1, and Dm-AMP1) in the 0.1 to 1 M range could be detected only after 2 to 4 h of incubation, whereas stronger permeabilization, induced at levels greater than 10 M, could be detected after only 30 min of incubation. The concentrations of plant defensins inducing the weak permeabilization effect were significantly correlated (␣ ϭ 0.05) with the concentrations required for growth inhibition.
Similar experiments were performed in growth medium with increased ionic strength, SMF1 supplemented with 50 mM KCl or 5 mM MgCl 2 ( Fig. 3B and C) . Previous work has established that the presence of monovalent cations and especially of divalent cations in the growth medium reduces the antifungal 
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on June 18, 2017 by guest http://aem.asm.org/ activity of plant defensins, and that little or no antifungal activity is observed at concentrations of monovalent or divalent cations above 100 or 10 mM, respectively (19, 26, 27) . ␣-PT permeabilized N. crassa irrespective of the ionic strength of the medium, although the effect was less pronounced in the 5 mM MgCl 2 treatment than in the 50 mM KCl treatment. In all tested media, the dose-response curves of permeabilization by ␣-PT correlated significantly (␣ ϭ 0.05) with those of growth inhibition, supporting the earlier hypothesis that thionins affect fungal growth by causing membrane permeabilization (5, 6, 28) .
For the three plant defensins tested, permeabilization depended upon the cation composition of the medium. The strong permeabilization, observed after 30 min under lowionic-strength conditions at plant defensin concentrations above 10 M, was drastically reduced in the presence of either 50 mM KCl or 5 mM MgCl 2 . The weak permeabilization, detected at lower doses of plant defensins (0.1 to 1 M), was not affected or only weakly affected by the presence of cations in the medium. In addition, this weaker and more cationresistant permeabilization correlated significantly (␣ ϭ 0.05) with the antifungal activity of the plant defensins.
When viewed with a fluorescence microscope, N. crassa cells suspended in SMF1 supplemented with 5 mM MgCl 2 in the presence of 20 M plant defensins showed strong SYTOX Green fluorescence in the cytosol and especially in the nuclei (Fig. 4) . This observation confirmed that the plant defensins cause intracellular uptake of the dye under these conditions.
Carbendazim, an inhibitor of microtubule formation, did not increase SYTOX Green uptake in the concentration range tested (0.1 to 1 mM), although it completely inhibited growth of N. crassa (results not shown). Hence, growth inhibition by itself is not sufficient to increase permeabilization of fungal cells to SYTOX Green.
Permeabilization of various antimicrobial agents has previously been shown to be abolished by treating cells with a membrane-depolarizing agent (10) . Treating N. crassa cells with plant defensins in the presence of 2 M CCCP significantly reduced permeabilization to SYTOX Green, especially with lower doses of plant defensins (0.1 to 1 M) (Fig. 5) . Rs-AFP2(Y38G) is a variant of Rs-AFP2 with substantially decreased antifungal activity (9) . Membrane permeabilization induced by Rs-AFP2(Y38G) under low-ionic-strength conditions could be detected only at concentrations above 10 M (Fig. 6A) . Under high-ionic-strength conditions, however, no permeabilization could be detected (Fig. 6B) meabilization. This cation-sensitive permeabilization correlates significantly (␣ ϭ 0.05) with the antifungal activity of Rs-AFP2(Y38G) in low-ionic-strength medium.
Permeabilization of S. cerevisiae suspended in growth medium. Rs-AFP2 and Hs-AFP1 did not inhibit growth of S. cerevisiae in YMM and also failed to cause permeabilization to SYTOX Green (Fig. 7) . Dm-AMP1 induced membrane permeabilization in S. cerevisiae after 12 h of incubation, irrespective of the presence of cations in the medium. This cationresistant permeabilization correlated significantly (␣ ϭ 0.05) with the antifungal activity. No such permeabilization was induced by Dm-AMP1 in the DM1 mutant.
DISCUSSION
Plant defensins have a biphasic effect on the membrane permeabilization of N. crassa depending on the plant defensin dose. At high doses, strong permeabilization can be detected within 30 to 60 min of the addition of the plant defensins. This effect depends on the ionic constitution of the medium: it is most pronounced in water but is almost undetectable in the presence of either 50 mM K ϩ or 5 mM Mg 2ϩ . In SMF1, cation-sensitive permeabilization occurs at plant defensin doses approximately 10-fold higher than those causing fungal growth inhibition. These findings are consistent with previous observations that plant defensins cause detectable permeabilization of N. crassa in a low-ionic-strength growth medium to the nonmetabolizable compound isoaminobutyric acid only at doses that are an order of magnitude above those required for antifungal activity (28) . Hence, cation-sensitive permeabilization does not appear to be the primary cause of growth inhibition in hyphae treated with plant defensins.
At lower plant defensin doses, permeabilization is relatively weak (as it requires at least 2 to 4 h of incubation to be detected) and much less affected by either 50 mM K ϩ or 5 mM Mg 2ϩ . The doses at which weak cation-resistant permeabilization occurs correlate significantly with those for growth inhibition, suggesting that this effect is linked to the primary cause of defensin-induced growth inhibition.
In the case of S. cerevisiae, two types of membrane permeabilization were observed: (i) a cation-sensitive membrane permeabilization which is induced by all plant defensins in water-suspended cells and (ii) a cation-resistant membrane permeabilization that was observed only with Dm-AMP1. Since the growth of S. cerevisiae is inhibited only by Dm-AMP1 and not by Hs-AFP1 or Rs-AFP2 (30), the cation-sensitive permeabilization cannot play a role in the growth inhibition of S. cerevisiae cells suspended in growth medium. The doses required for the cation-resistant membrane permeabilization of S. cerevisiae by Dm-AMP1 in growth medium correlated significantly with those required for antifungal activity, again suggesting that this kind of membrane permeabilization is linked to the primary cause of fungal growth inhibition. Although our data clearly reveal similarities in the way plant defensins act on the yeast S. cerevisiae and the filamentous fungus N. crassa, we do not yet know if the underlying mechanistic details are the same in both organisms.
Evidence that the first step to fungal growth inhibition by plant defensins is the binding to a binding site located in the plasma membranes of fungal hyphae has been previously pre- sented (29, 30) . We now propose that the interaction of plant defensins with such a binding site subsequently enables them to insert into the plasma membrane, causing a structural disruption and alteration of the membrane's permeability to ions such as Ca 2ϩ and K ϩ and organic molecules like SYTOX Green. This process of binding-site-mediated membrane insertion and disruption does not appear to be highly influenced by the presence of cations in the medium. Binding-site-mediated insertion in plasma membranes has previously been proposed to explain the antimicrobial activity of a number of proteins (7, 14, 24, 32) . However, this idea has so far not gained wide support, mainly due to poor experimental evidence.
Our most compelling evidence for binding-site-mediated cation-resistant membrane permeabilization is the observation that cation-resistant permeabilization was caused by Dm-AMP1 in wild-type S. cerevisiae but not in the isogenic Dm-AMP1-resistant DM1 mutant (30) . Moreover, Rs-AFP2 (Y38G), a variant of Rs-AFP2 with substantially decreased antifungal activity, did not induce cation-resistant membrane permeabilization in N. crassa. Rs-AFP2(Y38G) does not compete with binding sites for Hs-AFP1 on either N. crassa cells or N. crassa microsomes (29) . A single amino acid substitution might change the three-dimensional structure of Rs-AFP2 such that interaction with its receptor no longer occurs. Although the presence of binding sites appears to be a prerequisite for the antifungal effect of plant defensins under high- ionic-strength conditions, it does not appear to be sufficient; S. cerevisiae possesses specific binding sites for Hs-AFP1, but its growth is not affected by this plant defensin (20) .
Binding of Hs-AFP1 and Dm-AMP1 to fungal microsomes is only partially reversible (29) and not reversible (30) , respectively. These findings are fully consistent with our model, as insertion of plant defensins into the plasma membrane following binding would make them inaccessible for competition. The binding of plant defensins to their binding sites is affected by membrane-depolarizing agents (29) . Permeabilization to Ca 2ϩ (28) and SYTOX Green (Fig. 5) , however, appears to require a polarized membrane, as these processes are abolished by treating cells with the membrane-depolarizing agent CCCP. The apparent dependency of permeabilization on membrane polarization might explain why the dose-response curves for SYTOX Green uptake declined at doses above those providing maximum effect. This phenomenon was also observed when fungal cells were treated with detergents such as sodium dodecyl sulphate or Triton X-100 (results not shown). The permeabilization of fungal membranes treated with plant defensins will result in depolarization (28) , which may counteract membrane permeabilization. The net result may be strongly influenced by the plant defensin dose.
At high concentrations of plant defensins (10 to 40 M), a different type of permeabilization is observed which is highly suppressible by cations in the medium. We propose that permeabilization at high plant defensin doses and low concentrations of cations is due to interaction with the membrane in a binding-site-independent way. In this case, the interaction involves only plant defensins and the phospholipid components of the fungal plasma membranes. Cations, especially divalent cations, stabilize membrane phospholipid structures (33) and their presence will counteract the insertion of plant defensins in membranes. The binding-site-independent nature of this permeabilization is supported by the observation that permeabilization of water-suspended S. cerevisiae cells by Dm-AMP1 is equally strong in the wild type and in the Dm-AMP1-resistant isogenic mutant. Direct interaction with membrane lipids and subsequent membrane permeabilization may explain the antimicrobial effects of the structurally related insect (8) and mammalian (12) defensins and several linear antimicrobial peptides, such as magainins, found in Xenopus skin (16) ; indolicidin found in the cytoplasmic granules of bovine neutrophils (13); and sticholysin I, a cytolysin found in the sea anemone Stichodactyla helianthus (25) .
The specificity of plant defensins is dependent on the ionic strength of the growth medium (19, 26, 27) . In low-ionicstrength medium, plant defensins inhibit most fungi. This observation is consistent with the proposed binding-site-independent membrane insertion of plant defensins. However, in high-ionic-strength medium, the spectrum of plant defensin activity is narrowed considerably and shows more variation among the different types of plant defensins. Under these conditions, binding-site-mediated insertion prevails and the specificity of the interaction of plant defensins with their binding site dictates the specificity of the antifungal spectrum of activity.
